Case Study of an Amputee Regaining Sensation and Muscle Function in a Residual Limb after Peripheral
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Standard amputation surgery places the distal transected nerve ending in soft tissue to minimize pain from 13 external pressure. Despite this, nerve-related pain often occurs due to a variety of peripheral and central 14
sources [1] . Targeted muscle reinnervation (TMR) connects the distal transected nerve to a neuromuscular 15 junction in the residual limb during amputation surgery in order to facilitate myoelectric prosthesis use and to 16 reduce the incidence and severity of neuroma-related pain [2] . During a study to determine the relative 17 sensitivity to external stimulation of transected nerves after standard amputation versus TMR, we encountered 18 a single participant who recovered motor and sensory function of their tibial nerve after TMR surgery during 19 ultrasound stimulation of the nerve. 20 21
We used intense focused ultrasound (iFU), delivered under real-time ultrasound image guidance, to stimulate 22 at or near the distal tip of major transected nerves in amputated limbs following a previously described protocol 23 [3, 4] . In this way we determined the minimum iFU intensity capable of generating a first discernable sensation 24 through use of a ramp-up paradigm that started at low intensity values and increased until we achieved that 25 aim or reached the maximum intensity value of our device. 26 27
We obtained University of Washington Institutional Review Board (IRB) and military Human Research 28
Protection Office (HRPO) approvals for our study. All participants in the study provided informed consent. 29
The participant in question had a below-knee amputation in March of 2003 due to posttraumatic arthritis, then a 30 surgical revision in February of 2016 using TMR to address three painful neuromas in his residual limb, one for 31 each of the peroneal, tibial and sural nerves. Prior to his participation in our study in February of 2017, our 32 participant reported his inability to contract his lateral gastrocnemius muscle to which the tibial nerve was 33 connected via the lateral motor branch of the gastrocnemius nerve using the TMR procedure ( Figure 1a ). He 34 also could not detect sensations from the posterior portion of the leg -that associated with the site of tibial 35 nerve implantation. This lack of motor and sensory function of the tibial nerve persisted for the entire twelve 36 months after TMR surgery until the day of our study. Together, this impaired his ability to effectively use his 37 standard, below-knee prosthesis. The participant reported normal motor and sensory function associated with 38 the other transected nerves. We verified these self-reports through palpation of muscle during voluntary 39 movement by the patient and our formal, single-blinded cutaneous stimulation of the residual limb. the first time the participant had felt sensations of any sort associated with his tibial nerve since his TMR 45
surgery. We continued the study but, because of his surprise, we used a lower iFU intensity value (66.5 46 W/cm 2 ), doing so within one minute of the previous stimulation that generated phantom limb sensations. By 47 the third of five iFU pulses at that intensity, we directly observed with ultrasound imaging involuntary movement 48 of the lateral gastrocnemius muscle. Within approximately ten seconds and without additional stimulation, 49 there followed voluntary movement of that muscle by the participant that we directly observed along with his 50 reported ability to detect cutaneous stimulation which we verified as above. During the next 45 minutes we 51 continued the study, for example successfully stimulating his transected peroneal nerve at a comparable 52 intensity value as for the tibial nerve (66.5 W/cm 2 ). Up to and including the time the participant left our facility, 53 he reported voluntary control of and sensations associated with his lateral gastrocnemius muscle. Regrettably 54
we have lost the participant to follow up, so do not know the long-term outcome of this apparent reanimation of 55 his tibial nerve. 56 57
Several published reports document the ability of ultrasound to stimulate already functioning peripheral nerves 58 [3] [4] [5] [6] [7] and activation (as well as inhibition) of the brain with ultrasound [8] . One case study [9] reported 59 substantial activation of a patient's brain associated with ultrasound application after prolonged minimal 60 consciousness. Specifically, Monti et al [9] directed transcranial ultrasound to the thalamus of a patient whose 61 traumatic brain injury led to 19 days of prolonged loss of consciousness. At the time of ultrasound delivery the 62 patient had attained a minimally conscious state [10] . Three days after ultrasound delivery, the patient 63 demonstrated significantly increased voluntary behavior consistent with emergence from a minimally conscious 64 state; by five days post-ultrasound the patient tried to walk. In our case and theirs, at most minimally functional 65 but structurally connected nervous system tissue started to function after delivery of ultrasound. In our case, 66 this occurred moments after delivery of sufficient ultrasound to a major peripheral nerve, which feeds via the 67 thalamus into the motor and sensory cortices. This work received financial support from CMDRP award # W81 XWH-15-1-0291 and NIH award # 95 5R21EY027557-02. We thank Lucas Chen, Nels Schimek, Annamarie Lahti, and Brian MacConaghy for their 96 discussions of this interesting case. 97 98
